In a study of the ferromagnetic phase of a multilayer digital ferromagnetic semiconductor in the mean-field and effective-mass approximations, we find the exchange interaction to have the dominant energy scale of the problem, effectively controlling the spatial distribution of the carrier spins in the digital ferromagnetic heterostructures. In the ferromagnetic phase, the majority-spin and minority-spin carriers tend to be in different regions of the space ͑spin separation͒. Hence, the charge distribution of carriers also changes noticeably from the ferromagnetic to the paramagnetic phase. An example of a design to exploit these phenomena is given here. DOI: 10.1103/PhysRevB.66.073312 PACS number͑s͒: 75.70.Cn, 75.50.Pp, 75.10.Ϫb The research in proactive use of the spins of the carriers to add a new dimension to electronics starts a new area known as spintronics.
The research in proactive use of the spins of the carriers to add a new dimension to electronics starts a new area known as spintronics. 1 The recent discoveries 2, 3 of ferromagnetism with high Curie temperatures in a number of conventional semiconductors doped with magnetic impurities hold promise for the implementation of spintronics in semiconductors.
Inhomogeneously doped semiconductors, such as the p-n junction, play a crucial role in conventional electronic devices. Their properties depend on the distribution of the itinerant carriers, which is governed by the Coulomb interaction of the carriers with the impurities and with other carriers. In this paper we study the charge and spin distributions of the itinerant carriers in semiconductors ␦ doped with magnetic impurities, such as GaMnAs. 4, 5 Our theory is within the mean-field, effective-mass, and virtual-crystal approximations. In addition to the electrostatic forces, the itinerant carriers have an exchange interaction with the magnetic impurities. Our calculation shows that the magnetization of the high Mn concentration in the ␦ layers in the ferromagnetic phase gives rise to a spin-dependent potential experienced by the carriers comparable in order of magnitude to the charge potential of the ␦ layer. The effect of the spin-dependent potential on the inhomogeneous spin distribution of the carriers was noted by Loureiro da Silva et al. 6 in multilayered GaMnAs with 5% magnetic impurities. By contrast, the ␦ doping with a nominal concentration per atomic plane of 25-50% Mn atoms gives rise to a qualitatively different phenomenon of spin separation. This creates the possibility of the magnetic control of the itinerant carriers by manipulating the magnetization of the Mn ions. In particular, the spindependent potential may be used to influence the spin dependence of the distribution of itinerant carriers. The majority carriers 7 accumulate in the region of the Mn layers whereas minority carriers are repelled from the Mn region. In the paramagnetic phase, the spin potential averages to zero and the magnetic influence disappears. To show the potential of the spin separation for device applications, we give an example of how heterostructures may be designed to engender spin separation. This paper is organized as follows. A brief review of the relevant theoretical formalism precedes the application to establish the general principle of magnetic control and to show how it works in two specific systems. The first is the experimental system of multiple digital layers of Refs. 4 and 5. We find the phenomenon of spin separation in the ferromagnetic phase. Specifically, for appropriate carrier densities and interlayer distances, the minority carriers are located mainly in the interlayer spacer, with a very small overlap with the magnetic atoms whereas the majority carriers are mainly located in the layers of magnetic atoms. Second, we design a double GaAs quantum well with AlGaAs barriers and a ␦ layer of Mn in the middle of one well and a ␦ layer of an acceptor ͑Be͒ in the middle of the other. When the GaMnAs well is changed from the paramagnetic phase to the ferromagnetic phase, a net transfer of charge and spin from the Be well to the Mn well is produced, because of the appearance of the dominant magnetic interaction. As a result, there is a potential drop across the structure as well as a spin polarization in the Be well.
Our calculations are based on the mean-field model, 8 -12,6 with two types of spins: localized d electrons with magnetic moments of 5/2 Bohr magnetons and itinerant carriers ͑holes because of the Mn and Be doping͒. There is a Heisenberg spin exchange between the itinerant carrier and the Mn d electron, which is responsible for the ferromagnetism. The hole energy bands are based on the effective-mass approximation with the kinetic energy given by the bands of the host GaAs. The effective potential induced by the dopants is the only change for the carrier subbands, as in the virtual crystal approximation. The Coulomb interaction between the holes is taken into account in the Hartree approximation. The inplane energy dispersion of the holes subbands is described by a parabolic model that neglects the spin-orbit interaction. The omission of the spin-orbit effect, which has also been used in Refs. 6 and 8 -10, greatly simplifies the numerical computation. On the other hand, it leads to an overestimate of the polarization of the Mn spins induced by the interaction with the carriers. We correct for this by using a smaller value of the coupling constant J of the Heisenberg exchange, which reproduces the Curie temperature obtained in our previous calculation including the spin-orbit interaction. 12 Because the charge and spin distributions are averaged properties of the system, we argue that the qualitative aspects of the effects discussed in this paper would remain if the spin-orbit interaction is included.
Both model systems studied here are taken to be translationally invariant in the x-y plane normal to the growth axis.
Thus, the Mn concentration c M (z) varies only along the z axis. We assume that, in addition to the magnetic impurities that act as acceptors in GaMnAs, there is a distribution of donors, c c (z), which partially compensate the Mn acceptors, so that the total density of holes is smaller than the density of Mn, as is observed. 2 For simplicity, we assume that the spatial distributions of the donor and acceptor impurities are the same except for a multiplicative constant. From the charge neutrality condition, PϩC c ϭC M , where P, C c , and C M are the average densities of holes, of the compensating impurities, and of the Mn impurities, respectively.
In the mean-field approximation, the effect of the magnetic impurities on the itinerant carriers is given by a spindependent potential:
where ϭϮ1 denotes the spin directions, J is the exchangecoupling constant between the itinerant carrier and the Mn spin, and ͗M (z)͘ stands for the local average magnetization of Mn. The Mn polarization is produced by the molecular field created by the spin polarization of the itinerant carriers as well as the external magnetic field. At temperature T and zero external magnetic field, the Mn magnetization is given by the usual Brillouin function:
where p (z) is the spin-dependent density of the itinerant carriers.
The effective Schrödinger equation for the holes has a self-consistent potential V e (z)ϩV (z), where V e (z) is the electrostatic potential experienced by the hole and is given by,
The hole eigenenergy is the sum of the quantized energy E n, from the motion in the z direction and the plane-wave energy ⑀ k ជ ʈ ϭប 2 k ʈ 2 /2m ʈ from the in-plane motion. The hole wave function is the product of the bound-state envelope function in z times the plane wave normal to the z axis. The spin-dependent hole density is given by:
where is the chemical potential.
It is illuminating to estimate the strength of the spindependent potential ͑1͒ for a single magnetic digital layer. Throughout the paper we take the hole effective-mass tensor to be m ʈ ϭ0.11 and m z ϭ0.37 times the free-electron mass and model the distribution of the Mn in a digital layer as Gaussian:
In a digital layer of Ga 0.5 Mn 0.5 As the total concentration of Mn is C M ϭ3.13ϫ10 14 cm Ϫ2 ϭ3.13 nm Ϫ2 . Transmission electron microscopy experiments 4 reveal that the Mn is spread over two or three atomic planes. This corresponds roughly to the Gaussian half-width of ⌬ϭ0.5 nm. The exchange integral of Jϭ150 meV nm 3 used in our previous work 12 to calculate the Curie temperature is reduced to J ϭ100 meV nm 3 here in order to compensate the absence of spin orbit in the present calculation. The maximum of the spin-dependent potential in Eq. ͑1͒ for saturated magnetization is 441.5 meV in comparison with the charge well depth of about 177 meV. The peak to valley splitting is twice the maximum value. In a diluted magnetic semiconductor quantum well, the magnetic potential is one order of magnitude smaller than in a digital layer. Hence, the magnetic control is more practical in digital layers than in quantum wells.
The magnetic potential is attractive for the majority carriers and repulsive for the minority carriers. As the temperature is increased, the magnetization decreases and so does the magnetic potential, vanishing above the Curie temperature. Accordingly, the itinerant carrier density profiles change significantly as the temperature varies. Both the potentials and the density profiles are shown in Fig. 1 for a system of N ϭ4 digital layers, with an interlayer separation Dϭ40 ML ͑GaAs monolayers͒, or 11.3 nm, and a density of holes per layer pϭ1.3ϫ10 13 cm Ϫ2 . In order to improve numerical convergence, we locate 100 meV step potential barriers at zϭϮ50 nm. Similar results are obtained for systems between 1 and 10 layers. In the left panels of Fig. 1 we present the potential profiles at Tϭ40 K ͑thick dashed line͒, when the system is paramagnetic. In the same panels we show the total potential for majority ͑attractive͒ and minority ͑repul-sive͒ carriers for spin-dependent potentials at Tϭ5 K when the system is ferromagnetic. The lower panel is a magnification of the center of the upper panel. There it can be better appreciated the potential in the paramagnetic phase, whose only contribution is electrostatic. The large magnitude of the spin-dependent part of the potential is apparent in the upper left panel. The effect on the density profile of the itinerant carriers is shown in the right panel. In the ferromagnetic case ͑thin solid line͒ the carriers tend to pile up in the magnetic layers. In the paramagnetic case ͑long-dashed line͒ the carrier distribution is more spread out, with more carriers in the spacer layers relative to the ferromagnetic case. Figure 2 shows the resultant spin-dependent density profiles for two temperatures. In the ferromagnetic case, the distributions of majority and minority carriers are distinct. The majority carriers are localized in the magnetic layers whereas the minority carriers are almost totally expelled from it ͑no-tice the logarithmic scale in the vertical axis͒. This ''spin separation'' phenomenon is, of course, absent in the paramagnetic case. We have checked that as the interlayer distance decreases or the hole density increases the spin separation diminishes. Spin fluctuations of Mn beyond the meanfield approximation are a major source of spin-flip scattering. Hence, we expect the spin-flip scattering to be reduced when the spin separation is larger.
Results of Fig. 1 show how the exchange interaction can overcome the electrostatic interactions in the case of a digital layer. We propose here a heterostructure in which this effect is made more apparent and can be measured. It is a double quantum well of GaAs with GaAsAl barriers, ␦ doped with one layer of Mn in the middle of the left well and one layer of the acceptor Be in the middle of the right well. For illustration but not necessity, we choose the density profile of the Be to be identical to that of the Mn ions plus its compensating charges. We take the density of holes per digital layer in either well of 1.3ϫ10 13 cm Ϫ2 . The digital layer of Mn has a total density of 3.13ϫ10 13 cm Ϫ2 and a Gaussian distribution as in Eq. ͑5͒ with ⌬ϭ0.5 nm.
Above the Curie temperature the system is totally symmetric ͑by the construction of the model͒ and so is the charge distribution ͑shown in the middle column of Fig. 3͒ . At low temperatures the majority carriers with spin antiparallel to the Mn are attracted by the magnetic layer. As a result, there is a spin-dependent charge transfer from the nonmagnetic to the magnetic well ͑the left column of Fig. 3͒ , which generates an internal electric field and a potential drop. In the rightmost panel we plot both the potential drop and the Mn average magnetization as a function of the temperature. The potential drops follow the average magnetization and their maximum is close to 20 meV at zero temperature. Larger values can be obtained for smaller carrier densities, but this decreases the Curie temperature. 12 The charge imbalance is 1.2ϫ10 12 cm Ϫ2 or 4.6% of the total hole density. The charge-transfer effect also takes place for other values of the carrier density, as well as for structures with a different density of Be and Mn. As a result of the rearrangment of the carriers in the heterostructure, as the system goes from the paramagnetic to the ferromagnetic phase, large changes in the in-plane and vertical transport properties can be expected as well.
Tight-binding calculations for a superlattice of digital GaAs/GaAsMn ͑Ref. 13͒ give very similar results to those obtained using an envelope function approach, 12 validating the use of the effective-mass approximation in ␦ doped systems. A density functional-calculation for a superlattice of digital GaAs/MnAs predicts a half-metallic behavior. 14 Our results should be compared with a similar calculation including compensating impurities, 50% of Mn and larger interlayer distances.
In conclusion, we have studied the spatial distribution of the carrier spins in digital ferromagnetic heterostructures. Our main results are: ͑i͒ The distribution of carriers in digital ferromagnetic heterostructures of GaAsMn is largely controlled by the exchange interaction that overcomes the electrostatic interaction. ͑ii͒ Large changes in the spatial distri- FIG. 2 . Spin-dependent hole density profiles for Tϭ5 K majority carriers ͑solid͒, minority carriers ͑long dashed͒, and for T ϭ40 K ͑long dashed͒. FIG. 3 . Left upper/lower panels: spin-dependent potentials/ density profiles for majority holes ͑solid line͒ and minority holes ͑thin dot-dashed line͒ at Tϭ5 K ͑the ferromagnetic phase͒. The middle panels: spin-dependent potentials and density distributions at Tϭ40 K ͑the paramagnetic phase͒-same notation as above. Right panel: potential drop ͑solid line͒ and magnetization ͑dashed line͒ versus temperature.
